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Abstract	
For	high-power,	high-frequency	applications,	silicon	is	being	pushed	to	its	physical	limits.	In	order	
to	meet	demand	for	devices	in	this	area,	new	material	systems	need	to	be	considered.	Gallium	
nitride	(GaN)	and	related	alloys	including	aluminum	gallium	nitride	(AlGaN)	are	highly	suited	to	
these	applications,	but	are	yet	to	mature.	The	leading	issue	in	the	design	of	GaN	high	electron	
mobility	transistors	(HEMTs)	is	ensuring	normally-off	behavior.	Here	we	present	a	new	method	
for	creating	normally-off	GaN	HEMTs:	the	use	of	polarization-free	zincblende	(ZB-)	GaN.	In	order	
to	create	 the	conductive	 two-dimension	electron	gas	 (2DEG)	channel,	 carriers	are	 introduced	
through	δ	–doping	of	the	AlGaN	layer.	With	the	use	of	Sentaurus	Technology	Computer	Aided	
Design	(TCAD),	we	are	able	to	show	a	working	design	for	ZB-GaN	HEMTs	and	give	guidelines	to	
ensure	normally-off	behavior.	This	includes	tuning	the	aluminum	mole	fraction,	gate	metal	work	
function,	δ-doping	density,	and	AlGaN	layer	thicknesses.	It	is	found	that	aluminum	content	less	
than	 35%	 and	 δ-doping	 below	 4	 x	 1012	 cm-2	 result	 in	 normally-off	 behavior.	We	 are	 able	 to	
demonstrate	turn-on	voltages	(VT)	greater	than	1	V,	and	2DEG	sheet	density	exceeding	1013	cm-2.	
Additionally,	the	breakdown	voltage	(VBR)	and	on-state	resistance	is	provided	to	characterize	an	
optimized	device.			
	
Subject	 Keywords:	 cubic,	 zincblende,	 AlGaN,	 high	 electron	 mobility	 transistor,	 technology	
computer	aided	design,	on-state	resistance,	breakdown	voltage	 	
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1.	Introduction	
Silicon-based	transistors	are	reaching	maturity	as	increasingly	more	applications	(such	as	
DC/DC	 power	 conversion,	 5G	 networks)	 demand	 high	 power	 and	 high	 speed	 operation,	
motivating	 new	 material	 and	 device	 structure	 investigations	 [1].	 Gallium	 nitride	 (GaN)	 high	
electron	 mobility	 transistors	 (HEMTs)	 are	 ideal	 candidates	 to	 address	 such	 emerging	 needs,	
particularly	in	high	power	(>	10	W)	high	frequency	(>10	GHz)	applications.	Figures	of	merit	for	
high	power	and	high	frequency	applications	show	GaN	having	a	value	of	790	for	Johnson’s	figure	
of	 merit	 [2,3]	 (indicating	 high	 speed	 and	 high	 power	 capabilities)	 and	 100	 for	 Baliga’s	 high-
frequency	figure	of	merit	[3,4]	when	normalized	to	the	values	for	Si.	The	wide	bandgap	(~3.4	eV),	
high	 critical	 breakdown	 field	 (~3.5	 MV/cm),	 and	 high	 two-dimensional	 electron	 gas	 (2DEG)	
mobility	 (>	 1000	 cm2/V·s)	 all	 contribute	 to	 the	 promise	 of	 GaN	 devices	 in	 such	 operation	
conditions	 [5].	 A	 key	 issue	 in	 GaN	 HEMTs	 is	 normally-on	 operation.	 Due	 to	 the	 inherent	
polarization	fields	in	hexagonal	(h-)	phase	GaN,	conventional	h-GaN	HEMTs	are	normally-on.	This	
means	 a	 conductive	 2DEG	 channel	 is	 formed	 in	 the	 AlGaN/GaN	 hetero-interface	without	 an	
external	bias	[5].	For	safety	and	energy	savings	in	high	power/frequency	applications,	normally-
off	HEMTs	are	desired	[6].	Several	methods	of	implementing	normally-off	GaN	HEMTs	have	been	
explored	including	fluorine	implantation	below	the	gate	[7],	a	recessed	gate	approach	[8],	and	p-
GaN	gate	insertion	[9].	However,	normally-off	devices	enabled	by	these	approaches	are	yet	to	
mature.	Recently,	ZB-GaN	materials	has	emerged	in	photonic	device	applications	[10,	11].	Here	
we	propose	this	emerging	naturally	polarization-free	zincblende	(ZB-)	phase	for	the	creation	of	a	
new	 electrical	 device:	 normally-off	 ZB-phase	 GaN	 HEMT.	 Using	 Technology	 Computer	 Aided	
Design	(TCAD)	software	{Synopsys	Sentaurus	[12]},	we	explore	design	parameters	 in	ZB-phase	
AlGaN/GaN	HEMTs	and	investigate	design	guidelines	allowing	for	a	normally-off	operation.	
	 	
2	
	
2.	Literature	Review	
To	effectively	quantize	the	performance	enhancement	promised	by	GaN,	several	figures	
of	merit	for	high	power	and	high	frequency	applications	can	be	applied.	Johnson’s	figure	of	merit	
gives	the	product	of	the	maximum	applied	voltage	and	the	switching	frequency	as	proportional	
to	the	product	of	the	critical	electric	field	and	carrier	saturation	velocity	[2].	This	figure	is	based	
on	material	parameters,	and	offers	an	upper	 limit	 to	 the	capabilities	of	a	material.	When	the	
values	are	normalized	to	that	of	Si,	we	find	a	value	of	790	for	GaN	[3].	For	additional	figures	of	
merit,	GaN	offers	an	 impressive	910	when	normalized	 to	Si	 for	Baliga’s	 figure	of	merit	which	
indicates	low-frequency	power	losses	[3],	and	a	value	of	100	on	Baliga’s	high	frequency	figure	of	
merit	which	 indicates	a	 reduction	 in	switching	 losses	 [3,4].	Table	1	shows	the	values	of	 these	
figures	GaN	and	the	closest	wide	band-gap	competitor,	4H-SiC.	The	expression	for	each	figure	is	
given	as	well.	
Table	1	:	Figures	of	merit	for	power	semiconductor	devices	[3]	
Figure JFOM BFOM BHFFOM 
Expression 𝐸"𝑣$/2𝜋 𝜖𝜇𝐸*+ 𝑅-.𝐶0. 12 
Si 1 1 1 
GaN 790 910 100 
4H-SiC 410 290 34 
	
A	key	issue	in	GaN	HEMTs	is	normally-on	operation.	Due	to	the	inherent	polarization	fields	
in	 hexagonal	 (h-)	 phase	 GaN,	 conventional	 h-phase	 GaN	 HEMTs	 are	 normally-on,	meaning	 a	
conductive	2DEG	channel	is	formed	in	the	AlGaN/GaN	hetero-interface	even	under	no	external	
bias.		For	safety	and	energy	savings	in	high	power/frequency	applications,	normally-off	HEMTs	
are	desired.	 	 Several	methods	of	 implementing	normally-off	GaN	HEMTs	have	been	explored	
including	fluorine	implantation	below	the	gate	[7],	a	recessed	gate	approach	[8],	and	p-GaN	gate	
insertion	[9].		However,	normally-off	devices	enabled	by	these	approaches	are	yet	to	mature.	An	
alternative	method	for	creation	of	a	normally-off	GaN	HEMT	designs	 is	proposed	here,	which	
employs	the	use	of	polarization-free	zincblende	(ZB-)	phase	GaN.		
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The	design	of	a	normally-off,	or	enhancement	mode,	HEMT	using	fluorine	implantation	
was	demonstrated	in	2005	[7].		This	process	is	similar	to	the	threshold	adjustment	implantation	
performed	 on	 silicon	 MOSFETs.	 The	 implantation	 is	 typically	 performed	 using	 a	 CF4	 plasma	
treatment	 followed	 by	 rapid	 thermal	 annealing	 (RTA)	 [7].	 The	 resulting	 devices	 have	 a	 high	
density	 of	 fluoride	 ions	 near	 the	 2DEG	 channel,	 which	 prevent	 the	 2DEG	 formation	 under	
equilibrium	conditions.	This	technique	requires	care,	however,	as	the	devices	created	using	this	
technique	can	suffer	from	a	reduced	on-state	𝐼45	[13].	
Recessed	gate	HEMTs	are	made	by	etching	 a	portion	of	AlGaN	and	 thus	 reducing	 the	
distance	between	the	gate	contact	and	the	2DEG	in	a	selective	region	[8].	This	increases	the	turn-
on	voltage	𝑉; ,	while	maintaining	characteristics	of	a	depletion	mode,	or	normally-on,	device.	In	
particular,	the	on	resistance	𝑅-.	and	breakdown	voltage	𝑉<= 	show	a	similar	trade-off	relationship	
as	their	normally-on	counterpart	[8].	The	issue	with	this	design	is	that	𝑉; 	can	only	be	shifted	by	
a	small	amount,	and	so	achieving	high	turn-on	voltages	is	problematic	and	low	leakage	currents	
at	operating	voltages	can	be	difficult.	
Employment	 of	 a	 p-doped	 GaN	 gate	 contact	 has	 also	 been	 studied	 recently.	 	 This	
approach	avoids	 the	pitfalls	of	 the	 fluorine-treated	devices	and	 the	 recessed	gate	strategy	 to	
achieve	high	turn-on	voltages	of	up	to	3	V	[14].	The	biggest	problem	is	the	activation	of	the	p-
type	 dopants.	 Magnesium	 is	 typically	 used	 to	 achieve	 a	 p-doped	 GaN	 layer,	 but	 the	 large	
activation	 energy	 (approximately	 170	 meV)	 leads	 to	 a	 much	 lower	 hole	 concentration	 than	
chemical	concentration	[9].	
Combinations	of	the	above	approaches	have	been	used,	in	particular	the	combination	of	
a	 recessed	 gate	 and	 fluorine	 treatment	 [15].	 This	 approach	 aims	 to	 use	 the	 benefits	 of	 both	
fluorine	treatment	and	a	recessed	approach	while	limiting	the	detrimental	effects	on	𝐼45.	Devices	
fabricated	this	way	are	able	to	push	𝑉;	to	around	2.5	V	[15].	
	 The	use	of	ZB-GaN	has	shown	promise	in	simulations,	achieving	turn-on	voltages	in	the	
1.1V	range.	These	devices	also	feature	a	2DEG	sheet	density	𝑛$	on	the	order	of	1013	cm-2,	aligned	
with	many	h-GaN	devices.	The	biggest	drawback	 is	 in	 the	growth	of	ZB-GaN,	although	recent	
breakthroughs	have	greatly	reduced	this	problem	[11].	
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	 In	 the	 design	 of	 a	 power	 transistor,	 there	 are	 several	 quantities	 of	 interest.	 These	
include	𝑅-.,	𝑉;,	and	𝑛$	as	well	as	breakdown	voltage	and	switching	speed.	In	order	to	accurately	
extract	these	quantities	from	simulation	data	and	optimize	a	device,	the	mechanisms	governing	
for	each	quantity	must	be	understood.	
	 On-state	resistance,	𝑅-.,	is	the	resistance	found	between	the	source	and	drain	contacts	
in	transistor	when	the	device	is	on.	This	resistance	can	be	broken	down	in	to	several	components,	
with	contributions	from	the	source	contact	𝑅?5,	the	source	doping	𝑅AB,	the	channel	resistance	𝑅?C,	 and	 drain	 contact	 resistance	𝑅45	 [16].	 Source	 contact	 resistance	𝑅?5	 is	 from	 the	metal	
contact	made	to	the	𝑛B	source	region.	This	resistance	is	determined	by	the	work	function	of	the	
contact	and	the	doping	in	the	𝑛B	region,	as	well	as	geometry.	The	doping	resistance	𝑅AB	is	due	
to	ohmic	losses	as	current	flows	through	the	source,	and	is	inversely	proportional	to	doping	levels	
and	has	a	geometric	factor.	Channel	resistance	is	a	function	of	the	device	geometry,	as	well	as	
bias	and	material	parameters.	For	a	MOSFET,	it	is	found	to	obey	𝑅?C = EFGHIJK?LM NO1NPG 	[16].	For	
the	 HEMT	 devices	 discussed,	 the	 channel	 resistance	 depends	 on	𝑛$.	 This	 parameter,	𝑅-.,	 is	
typically	measured	empirically	as	the	inverse	slope	of	the	𝐼45	vs.	𝑉45	relationship	measured	in	
the	saturation	region.	
	 Turn-on	voltage	in	the	HEMT	is	largely	determined	by	the	fabrication	techniques,	and	will	
vary	 for	 the	 methods	 of	 making	 normally-off	 devices	 discussed	 so	 far.	 For	 h-GaN	 devices	
fabricated	using	fluorine	implantation,	the	threshold	voltage	depends	on	the	density	of	fluorine	
implanted	[13].	For	the	recessed	gate	approach,	the	AlGaN	thickness	below	the	recessed	gate	is	
responsible	for	the	positive	shift	in	𝑉; 	[8].		When	employing	a	ZB-GaN	approach,	𝑉; 	was	found	
to	depend	on	aluminum	content,	𝛿-doping	levels,	and	AlGaN	layer	thickness.		
	 Sheet	 density,	 𝑛$,	 has	 been	 thoroughly	 studied.	 For	 h-GaN	 structures,	 it	 is	 given	 by	𝑛$(𝑥) = U VW − YZY V[W\ 𝑒Φ< 𝑥 + 𝐸` 𝑥 − Δ𝐸? 𝑥 	 [17].	For	this	expression,	𝜎 𝑥 	 refers	to	the	
polarization	induced	charge	density,	Φ<to	the	surface	barrier	height,	𝐸` 	to	the	Fermi	level,	and	Δ𝐸? 	 to	 the	 conduction	band	discontinuity	 at	 the	AlGaN/GaN	heterojunction.	 For	 the	 ZB-GaN	
structure,	 there	 is	no	polarization	field	and	so	all	carrier	 in	the	2DEG	must	be	added	using	𝛿-
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doping	techniques.	The	value	of	𝑛$	was	still	found	to	be	strongly	correlated	to	the	conduction	
band	offset.	
	 Breakdown	voltage	is	the	maximum	voltage	that	be	applied	between	drain	and	source	
while	 the	 device	 is	 in	 the	 off-state	 without	 allowing	 current	 to	 flow.	 This	 value	 is	 typically	
measured	by	picking	a	threshold	current	on	the	order	of	100	nA	and	measuring	the	voltage	𝑉45	
for	which	 𝐼45	 equals	 the	 threshold	 voltage	when	 the	device	 is	 in	 the	off-state	 (𝑉*5 = 0	for	 a	
normally	off	design,	𝑉*5 < 𝑉; 	for	a	normally	on	design).	This	value	is	of	particular	importance	for	
GaN	power	devices,	and	the	current	record	is	over	3.3	kV	[18].	In	the	traditional	power	MOSFET,	
the	breakdown	voltage	is	primarily	due	to	avalanche	breakdown	caused	by	the	large	electric	field	
in	the	channel	[16].	During	avalanche	breakdown,	carriers	are	accelerated	to	high	velocities	and	
eventually	reach	a	saturation	velocity	𝑣$.	These	electrons	have	enough	kinetic	energy	to	ionize	
lattice	fixed	atoms	on	impact,	referred	to	as	impact	ionization.	In	the	case	of	a	HEMT,	the	causes	
of	 breakdown	 are	 thought	 to	 be	 due	 to	 a	 combination	 of	 factors	 including	 punch	 through,	
breakdown	of	the	gate-drain	junction	due	to	surface	conduction,	and	impact	ionization	due	to	
hot	electrons	[19].		
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3.	Description	of	Research	Approach	
a.	Device	Description	and	Fabrication	Strategy	
The	 zincblende	 AlxGa1-xN/GaN	 HEMT	 structure	 under	 consideration	 consists	 of	 an	
unintentionally	 doped	 (UID-)	 ZB-GaN	 substrate	 on	 which	 high	 quality	 intrinsic	 ZB-GaN	 is	
epitaxially	grown.	 	To	make	contacts	 to	 the	device,	a	 layer	of	n-type	GaN	 is	 then	grown,	and	
etched	back	to	create	an	opening.	Inside	the	opening,	an	AlxGa1-xN	layer	is	grown	on	top	of	the	
epi-GaN	(Figure	1(a)).	The	growth	of	high	quality	ZB-GaN	has	been	recently	demonstrated	using	
Si	substrates,	indicating	that	this	is	a	technologically	feasible	structure	[11].	The	AlxGa1-xN	barrier	
layer	is	composed	of	three	parts:	undoped	layers	of	AlGaN1	and	AlGaN3	(with	thickness	of	𝑡2	and	𝑡+)	 and	 δ-doped	 layer	 of	 AlGaN2	 (with	 thickness	 of	 𝑡f).	 	 The	 δ-doped	 AlGaN2	 layer	 provides	
carriers	to	the	2DEG	channel	formed	at	the	AlGaN/GaN	hetero-interface,	and	the	corresponding	
thickness	𝑡f	determines	the	net	number	of	dopants	 introduced	and	thus	the	amount	of	band	
bending	in	the	AlGaN	layer.	The	δ-doping	is	achieved	by	creating	a	few	nanometers	of	highly-
doped	 AlGaN	 via	 MOCVD	 or	 MBE	 processes	 [20],	 and	 these	 carriers	 then	 diffuse	 to	 the	
AlGaN/GaN	heterojunction	to	form	the	2DEG.	The	ionized	impurities	remain	in	the	AlGaN2	layer	
after	the	carriers	are	depleted,	leading	to	strong	band	bending	in	this	region.	Because	the	carriers	
are	 depleted,	 we	 instead	 find	 the	 peak	 electron	 concentration	 at	 the	 AlGaN/GaN	 junction	
corresponding	 to	 the	 2DEG	as	 opposed	 to	 the	 doped	 layer.	 The	AlGaN3	 layer	 of	 thickness	 𝑡+	
separates	δ-doped	AlGaN2	layer	from	the	channel	and	reduces	the	impurity	scattering	effects.	
The	AlGaN1	 layer	with	 corresponding	 thickness	 𝑡2	 distances	 the	gate	 contact	 from	 the	2DEG,	
controlling	the	gate-contact-induced	electric	field	effects	on	the	2DEG	channel.	Finally,	0.25	μm	
long	source	and	drain	contacts	are	formed	with	the	n-doped	GaN.		
	In	Figure	1(b),	a	generic	band	diagram	for	the	structure	is	given.	In	this	plot,	the	design	
parameters	𝑡2,	𝑡f,	and	𝑡+	are	marked,	as	well	as	the	Schottky	barrier	height	(𝜑h).	The	Schottky	
barrier	ensures	that	an	electric	field	 is	present	when	the	device	 is	unbiased,	preventing	2DEG	
formation,	and	𝜑h	determines	the	strength	of	this	field.	The	final	parameters	in	consideration	is	
the	aluminum	content,	𝑥ij,	which	determines	the	bandgap	offset,	and	thus	determines	the	depth	
of	the	triangular	quantum	well	in	the	conduction	band	at	the	AlGaN/GaN	junction,	as	well	as	δ-
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doping	 density	 (𝑁4)	 in	 the	 AlGaN2	 layer,	 which	 both	 directly	 impact	 the	 number	 of	 carriers	
present	in	the	2DEG.	
	
 
Figure	1:	(a)	Sketch	of	the	investigated	AlxGa1-xN/GaN	HEMT	structure,	consisting	of	an	intrinsic	
unintentionally	doped	ZB-phase	GaN	substrate	on	high	quality	intrinsic	epi-GaN	is	grown.	On	
top	of	this	is	an	AlxGa1-xN	layer	composed	of	three	parts:	undoped	layers	of	AlGaN1	and	AlGaN3	
(with	thickness	of	t1	and	t3,	respectively)	and	δ-doped	layer	of	AlGaN2	(with	thickness	of	t2).		
Source	and	drain	 contacts	 are	made	 to	n-doped	GaN	directly	 contacting	 the	 channel.	 (b)	A	
generic	 band-diagram	 of	 Al0.25Ga0.75N/GaN	 HEMT	 (with	 Schottky	 barrier	 height	 1.8	 eV	
corresponding	to	a	gate	metal	of	5.05	eV;	t1	=	15	nm;	t2	=	2	nm;	t3	=	3	nm;	δ-doping	of	2E+12		
cm-2)	through	the	cross-section	is	shown.	The	metal-semiconductor	work	function	difference	is	
given	by	𝝋𝒃.	The	regions	t1,	t2,	and	t3	are	seen	in	their	respective	locations.	The	position	x	=	0	
marks	the	AlxGa1-xN/GaN	hetero-junction.	
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b.	Device	Physics	and	Simulation	Parameters	
For	 simulating	 the	 band	 structure	 of	 the	 wide	 bandgap	 materials,	 the	 temperature	
dependence	given	by	the	Varshni	model	[21]	𝐸* 𝑇 = 𝐸* 0 −		 o;\pB;		is	used,	with	values	of	𝛼, 𝛽	
as	given	in	Table	2.	During	the	simulations,	Fermi	statistics	are	used	to	improve	accuracy	as	Fermi	
energy	level	(𝐸`)	exceeds	conduction	band	energy	level	(𝐸?).	Thermionic	emission	currents	are	
considered	 for	 electrons	 in	 order	 to	 accurately	model	 carrier	 flow	 along	 the	 heterojunction,	
following	 the	 literature	 [22].	 For	 carrier	 flow	and	densities	 confined	along	 the	 triangular	well	
formed	 at	 the	 metallurgical	 junction	 {as	 in	 our	 AlxGa1-xN/GaN	 hetero-structure},	 a	 quantum	
potential	is	considered.	This	potential,	denoted	𝛬.	,	adds	quantization	to	carrier	densities	in	the	
quantum	 well	 according	 to	 𝑛 = 𝑁?𝐹u\ vw,J1vF1xJy;J 	without	 impacting	 simulation	 times	
significantly	[12].	 In	this	equation,	𝑁? 		 is	the	effective	density	of	states,	while	F1/2	 is	the	Fermi	
integral	 of	 order	 1/2.	 	𝛬.	is	 obtained	 by	 solving	 𝛬. = − zℏ\2f|J 	 𝛻f 𝑙𝑛 𝑛 + 2f 𝛻 𝑙𝑛 𝑛 f =− zℏ\|J \ .. .	Here	𝛾	is	a	fit	factor,	𝑛	is	the	electron	concentration,	𝑚.	is	the	electron	mass	and	ℏ	
is	the	reduced	Planck	constant.	The	effects	of	bandgap	narrowing	with	heavy	doping	is	neglected,	
based	on	the	difficulty	in	activating	dopants	in	GaN.	Carrier	recombination	is	computed	using	a	
combination	 of	 Shockley-Hall-Read	 recombination,	 Auger	 recombination,	 and	 radiative	
recombination	 models.	 While	 modeling	 the	 electrical	 behavior	 of	 the	 structure,	 the	 basic	
transport	 equations	 are	 solved	 while	 the	 potential	 at	 various	 electrodes	 is	 swept.	 Transient	
behavior	is	ignored,	and	only	quasi-stationary	solutions	are	used.	Three	equations	are	solved	at	
each	step	of	the	simulation:		Poisson’s	equation	and	the	continuity	equation	for	both	electrons	
and	 holes.	 Poisson’s	 equation	 is	 given	 by	𝛻 ⋅ 𝜀𝛻𝜙 = 	−𝑞(𝑝 − 𝑛 + 𝑁4B − 𝑁i1),	 where	 𝜀	 is	 the	
material	permittivity,	𝜙	refers	to	the	electrostatic	potential,	𝑝	and	𝑛	are	the	hole	and	electron	
concentrations,	 and	 𝑁4B	 and	 𝑁i1	 are	 ionized	 impurities.	 The	 continuity	 equation	 for	 both	
electrons	and	holes	is	given	by	±𝛻 ⋅ 𝐽., = 𝑞𝑅 + 𝑞 ., 	with	the	positive	term	corresponding	
to	𝑛	and	the	negative	to	𝑝,	as	well	as	the	quantum	potential	equations	[12].	For	this	equation,	𝑅	 denotes	 the	 net	 recombination	 rate,	 and	 𝐽.,	is	 the	 respective	 electron	 or	 hole	 current	
density.	
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Table	2:	The	values	for	significant	material	parameters	used	in	the	simulations.	The	Varshni	
model	for	the	bandgap	as	a	function	of	temperature	is	used	with	values	for	bandgap	at	0K,	𝜶,	
and	𝜷	as	given	for	both	GaN	and	AlxGa1-xN.	The	relative	permittivity	for	zincblende	phase	AlN	
and	GaN	are	used	to	calculate	mole-fraction	dependent	permittivities	by	linear	interpolation.	
Electron	affinities	for	AlN	and	GaN	are	used	in	linear	interpolations	to	determine	band	offsets	
and	the	Schottky	barrier	height.	Elastic	coefficients	have	been	used	in	calculating	the	critical	
thickness.	 The	 doping	 in	 the	 n-GaN	 contact	 areas	 is	 provided,	 as	 well	 as	 the	 δ-doping	
concentration.	 Intrinsic	 concentrations	 in	 the	 substrate	are	extracted	using	 the	mass-action	
law.	
Parameter Symbol Value 
GaN bandgap at 0 K 𝐸*,*A 3.299 eV [23] 
AlN bandgap at 0 K 𝐸*,ijA 6.00 [23] 
 
Varshni coefficients 𝛼*A 5.93 × 10-4 eV/K [23]  
 𝛽*A 6.00 × 102 K [23] 
 𝛼ijA 5.93 × 10-4 K [23] 
 𝛽ijA 6.00 × 102 K [23] 
 
Relative permittivity 𝜀,*A 9.7 [24] 
 𝜀,ijA 9.14 [25] 
 
Electron affinity 𝜒ijA  0.6 V [24] 
 𝜒*A 4.1 V  [24] 
 
Elastic coefficients 𝑐22 25.3 × 1011 dyn/cm-2  [5] 
 𝑐2f 16.5 × 1011 dyn/cm-2 [5] 
 
n-GaN dopant concentration 𝑁4 1 × 1019 cm-3 
i- GaN carrier concentration 𝑛0 6.23 × 10-9 cm-3 
c.	Simulation	Approach	
The	ZB-phase	AlxGa1-xN/GaN	transistor	is	simulated	as	Al-content	in	the	AlxGa1-xN	barrier	
(𝑥ij)	(from	0.10	to	0.40),	gate	Schottky	barrier	height	(𝜑h)	(from	1.2	to	2.0	eV),	and	AlGaN1,	2,	3	
thicknesses	(𝑡2 	from	10	to	35	nm,	𝑡f	from	1	to	5	nm,	and	𝑡+	from	2	to	10	nm)	are	varied.	As	the	
AlxGa1-xN	electron	affinity	(𝜒5)	changes	with	aluminum	content	according	to	Vegard’s	law,	barrier	
height	acts	as	a	better	experimental	control	and	thus	we	vary	the	gate	Schottky	barrier	height	
(𝜑h)	{opposed	to	varying	the	work	function	of	the	gate	metal	(Φ)}.	While	studying	effects	of	
each	variable	{𝑥ij,	𝜑h,	𝑡2,	𝑡f,	𝑡+}	on	the	HEMT,	each	variable	is	varied	independently	while	the	
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other	parameters	are	held	at	control	values	(Table	3).	The	criteria	for	normally-off	behavior	is	
taken	 to	 be	 the	 formation	 of	 the	 2DEG	when	 the	 Fermi	 level	 exceeds	 the	 conduction	 band	
minimum	at	the	AlGaN/GaN	hetero-interface.	This	definition	of	normally-off	is	justified	by	the	
corresponding	electron	concentration.	The	electron	concentration	near	 the	heterointerface	 is	
dictated	by	the	triangular	quantum	well	formed	along	the	interface.	As	𝐸` 	and	𝐸? 	coincide,	the	
probability	of	finding	electrons	in	the	available	well	states	begins	to	increase	according	to	the	
Fermi-Dirac	distribution,	 leading	to	formation	of	the	2DEG	and	thus	normally-on	behavior.	 	 In	
Figure	 6,	 this	 phenomenon	 is	 shown	 as	 the	 electron	 density	 increases	 by	 several	 orders	 of	
magnitude	when	𝐸` 	approaches	𝐸? .	
Table	 3:	While	 studying	 effects	 of	 each	 variable	 {Al-content	 in	 the	 AlxGa1-xN	 barrier	 (𝒙𝑨𝒍),	
Schottky	barrier	height	(𝝋𝒃),	AlGaN1	layer	thickness	(𝒕𝟏),	AlGaN2	layer	thickness	(𝒕𝟐),	AlGaN3	
layer	thickness	(𝒕𝟑)}	on	the	ZB-phase	AlxGa1-xN/GaN	HEMT,	each	variable	is	varied	one	at	a	time	
as	the	other	parameters	are	held	at	values	shown	as	in	this	table.	
Parameter Value 𝑥ij 0.25 𝑡2 15 nm 𝑡f 2 nm 𝑡+ 3 nm 𝜑h 1.8 eV 
δ-doping  (in AlGaN2) 2× 1012 cm-2 
Total AlGaN thickness 
(𝑡2 	+	𝑡f 	+	𝑡+) 20 nm 
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4.	Results	
a.	Effects	of	Al-content	in	the	AlxGa1-xN	barrier	
Figure	2	shows	the	band	diagram	across	the	HEMT	as	we	vary	𝑥ij 	from	0.10	to	0.40.	This	
range	 of	 Al-content	 can	 be	 attained	 despite	 lattice	mismatch,	 and	 doping	 of	 high	 Al-content	
AlGaN	has	been	demonstrated	 [26,27].	Additionally,	devices	with	high	Al-content	have	shown	
promising	performance,	as	the	2DEG	is	in	the	GaN	layer	and	unaffected	by	possible	dislocations	
in	the	AlGaN	layers.	In	order	to	maintain	a	constant	𝜑h	of	1.8	eV,	Φ	is	allowed	to	change	with	𝑥ij.	 Corresponding	values	of	Φ	 are	 calculated	using	𝜑h = 𝑞(Φ −	𝜒5)	 and	written	next	 to	
each	band.	As	𝑥ij 	increases,	the	conduction	band	minimum	approaches	the	Fermi	level.	For	𝑥ij 	
below	 0.35,	 the	 HEMT	 is	 normally-off.	 	 This	 shows	 good	 agreement	 with	 existing	 literature,	
indicating	normally-off	devices	are	attainable	for	𝑥ij 	of	0.33	for	similar	ranges	of	control	variables	
in	this	study	[28].	It	should	be	noted	that	to	ensure	a	sufficiently	high	turn	on	voltage	(dependent		
Figure	2:	The	equilibrium	band	structure	is	shown	extending	from	the	gate	contact	to	30	nm	
below	the	AlxGa1-xN/GaN	junction.	The	inset	shows	the	values	of	𝒕𝟏,	𝒕𝟐,	and	𝒕𝟑.	The	value	of	𝝋𝒃	
has	been	set	to	1.8	eV,	corresponding	to	changing	𝜱𝑴	for	each	value	of	𝒙𝑨𝒍.	As	𝒙𝑨𝒍	increases	
from	0.10	to	0.40,	the	device	is	seen	to	remain	normally-off	for	values	of	𝒙𝑨𝒍	less	than	0.35.	
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upon	the	application),	it	is	desirable	to	keep	𝑥ij 	small.	However,	as	𝑥ij 	decreases,	conduction	
band	offset	(Δ𝐸?)	also	decreases	adversely	impacting	the	2DEG	sheet	density	(𝑛$).	This	in	turn	
limits	 the	output	power.	Overall,	by	varying	𝑥ij,	one	can	trade-off	 turn-on	voltage	and	𝑛$	 for	
specific	 applications.	We	have	chosen	𝑥ij 	of	0.25	 for	 the	 rest	of	 this	 study	 to	 study	 trade-off	
amongst	other	design	parameters.	
b.	Effects	of	AlxGa1-xN	barrier	layer	thicknesses	and	δ-doping	
Figure	3	shows	the	band	diagram	across	the	HEMT	as	we	vary	𝑡2 	from	10	nm	to	25	nm.	
For	 a	 fixed	 𝑥ij 	 (0.25),	 as	 𝑡2 	 is	 increased,	 the	 conduction	 band	 minimum	 decreases.	 This	 is	
attributed	to	the	increased	separation	between	the	gate	contact	and	the	2DEG.	We	observe	that	
by	limiting	the	thickness	of	𝑡2	(in	this	case	below	25	nm),	normally-off	HEMTs	are	enabled,	which	
is	in	agreement	with	studies	showing	normally-off	devices	for	10	nm	of	equivalent	AlGaN3	layers	
[28].	This	approach	has	the	additional	benefit	of	reducing	lattice-mismatch	related	dislocation	
	
Figure	3:	Band	diagram	across	the	HEMT	is	shown	as	𝒕𝟏 	is	varied	from	10	nm	to	25	nm	(for	a	
fixed	𝒙𝑨𝒍	(of	0.25)).	The	inset	shows	the	values	of	𝒙𝑨𝒍,	𝒕𝟐,	and	𝒕𝟑.	Arrows	indicate	the	direction	
of	increasing	𝒕𝟏.	The	relationship	between	𝒕𝟏	thickness	and	the	minimum	of	conduction	band	
edge	indicates	that	a	thinner	𝒕𝟏		will	lead	to	normally-off	behavior.	
13	
	
formation	in	the	AlGaN	barrier,	as	the	critical	thickness	(ℎ")	of	ZB-phase	Al0.25Ga0.75N	on	ZB-phase	
GaN	predicted	by	the	Matthews-Blakeslee	equation	is	9.18	nm	[29].	We	have	set	𝑡2	to	15	nm	for	
the	remainder	of	this	study.	While	this	value	results	in	a	total	AlGaN	thickness	exceeding	ℎ",	it	
allows	sufficient	room	for	full	investigation	of	the	relationship	between	the	various	parameters	
and	the	normally-off	behavior.	
	 Figure	4	shows	the	band	diagram	across	the	HEMT	as	we	vary	𝑡f	from	1	nm	to	5	nm.	For	
fixed	𝑥ij 	(0.25)	and	𝑡2	(15	nm),	when	the	AlGaN	barrier	thickness	is	kept	at	20	nm,	the	device	
remains	normally-off	 for	𝑡f	less	than	4	nm,	which	 is	slightly	smaller	than	similar	experimental	
work	using	6	nm		doped		layers.		This		is		explained		by		the		increased		doping		level		in		the		present			
 
Figure	4:	Band	diagram	across	the	HEMT	is	shown	as	t2	is	varied	from	1	to	5	nm	(for	a	fixed	𝒙𝑨𝒍	
(of	0.25)	and	𝒕𝟏	(of	15	nm)).	The	doping	density	of	the	𝜹-doped	layer	is	kept	constant	(as	2	×	
12	cm-2).	The	inset	shows	the	values	of	𝒙𝑨𝒍,	𝒕𝟏,	and	𝒕𝟑.	Arrows	indicate	the	direction	of	the	band	
shifts	for	increasing𝒕𝟐.	The	undoped	AlxGa1-xN	barrier	thickness	(𝒕𝟏 	+	𝒕𝟑)	is	kept	fixed	as	20	
nm	by	keeping	the	𝒕𝟑 	barrier	layer	constant	and	adjusting	𝒕𝟏	appropriately.	Minimizing	𝒕𝟐	 is	
shown	to	improve	the	normally	off	behavior.	
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work.	To	maximize	the		density		of		the		2DEG,		maximizing		𝑡fand		subsequently		the		number		of		
carriers	introduced	while	retaining	normally-off	behavior	and	preventing	adverse	impacts	on	the	
channel	mobility	is	ideal.	
Fixing	𝑥ij 	(as	0.25),	𝑡2	(as	15	nm),	𝑡f	(as	2	nm),	and	the	doping	density	(as	12×102f	cm-2),	
we	have	also	studied	the	effect	of	 t3	 (Figure	5).	It	 is	shown	that	 t3	has	minimal	 impact	on	the	
normally-off	operation	of	 the	HEMT.	This	AlGaN3	 layer	primarily	 serves	 to	 keep	 the	δ-doping	
impurities	further	away	from	the	2DEG	in	order	to	minimize	impurity	scattering	effects.		
 
Figure	5:	Effects	of	𝒕𝟑	barrier	layer	thickness	on	the	conduction	band	edge	are	reported.	Total	
AlxGa1-xN	layer	thickness	(𝒕𝟏 + 𝒕𝟐 + 𝒕𝟑)	has	been	kept	constant	as	20	nm	where	𝒕𝟐	is	kept	at	2	
nm	and	𝒕𝟏	and	𝒕𝟑	are	adjusted	accordingly.	The	band	minimum	can	be	seen	to	move	closer	to	
the	Fermi	level	with	increasing	𝒕𝟑.	Due	to	its	scattering	limited	impact	on	the	band	diagram,	𝒕𝟑	
should	be	large	enough	to	minimize	impurity	and	small	enough	to	diffuse	carriers	from	doped	
layer	𝒕𝟐	to	the	AlxGa1-xN/GaN	hetero-interface.	
The	effect	of	the	doping	density	is	studied	and	shown	in	Figure	6,	as	a	complement	to	the	
study	of	𝑡f.	We	show	that	for	identical	values	of	𝑥ij 	and	t1	(0.25	and	15	nm,	respectively),	with	𝑡f	fixed	to	2	nm,	the	device	remains	normally-off	when	the	doping	density	is	4	×	1012	cm-2	or	less.	
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This	value	aligns	with	existing	experimental	work	showing	normally-off	cubic	GaN	devices	with	
equivalent	δ-doping	density	of	2.4	×	1010	cm-2	[28].	The	electron	density	has	been	included	as	
well,	as	the	carriers	in	the	2DEG	are	provided	by	the	δ-doping.	This	brings	a	new	design	trade-off	
between	𝑛$	and	𝑉;.	
 
Figure	6:	Band	diagram	across	the	HEMT	{for	a	fixed	𝒙𝑨𝒍	(of	0.25),	𝒕𝟏	(of	15	nm),	𝒕𝟐	(of	2	nm),	𝒕𝟑	(of	3	nm),	and	𝚽M	(of	5.05	eV)}	is	shown	as	we	varied	the	𝜹-doping	density	from	2E+12	cm-2	
to	1	×	1013	cm-2	in	uniform	steps.	It	is	shown	that	for	a	doping	density	of	4	×	1012	cm-2	and	less	
the	device	remains	normally-off.	 	Additionally,	the	electron	density	 is	plotted	as	the	doping	
density	will	impact	𝒏𝒔	in	the	2DEG,	indicating	a	design	trade-off	between	𝑽𝑻	and	𝒏𝒔.	
c.	Effects	of	gate	metal	
Figure	7	shows	the	band	diagram	across	the	HEMT	{for	a	fixed	𝑥ij 	(of	0.25),	𝑡2	(of	15	nm),	𝑡f	(of	
2	nm),	and	𝑡+	(of	3	nm)}	as	we	varied	Φ	to	represent	common	gate	metals	and	alloy	solutes	
(e.g.	platinum,	iridium,	nickel,	copper,	tungsten	and	titanium)	enabling	a	wide	range	of	𝜑h.	For	Φ	greater	than	4.55	V	the	device	exhibits	normally-off	behavior.	By	picking	a	gate	metal	with	a	
sufficiently	large	Φ	the	device	will	exhibit	normally-off	behavior.	Examples	of	such	metals	are	
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platinum	[30],	gold-platinum	alloys	[31],	and	nickel	[30].	Experimental	results	showing	normally	
off	devices	with	Pd/Ni/Au	{𝛷(Pd)	=	5.22	eV}	gate	contacts	exhibiting	normally	off	behavior	for	
similar	ranges	of	control	values	corroborate	this	result	[28].	
	
Figure	7:	Band	diagram	across	the	HEMT	{for	a	fixed	xAl	(of	0.25),	t1	(of	15	nm),	t2	(of	2nm),	and	
t3	(of	3	nm)}	is	shown	as	we	varied	𝜱𝑴	to	represent	common	gate	metals	and	alloy	solutes	(e.g.	
platinum,	iridium,	nickel,	copper,	tungsten	and	titanium)	enabling	a	wide	range	of	𝝋𝒃.	The	inset	
shows	the	HEMT	structure.	The	arrow	indicates	the	direction	of	decreasing	gate	work	function.	
A	large	Schottky	barrier	is	desirable	for	normally-off	behavior.		
It	is	important	to	understand	the	breakdown	mechanisms	in	the	device	to	maximize	the	
blocking	voltage.	For	this	study,	breakdown	voltage	is	found	by	measure	𝑉45	where	𝐼45	=	100	nA	
while	𝑉*5	=	0	V.	The	dominant	breakdown	mechanism	in	the	proposed	device	is	punch-through,	
which	agrees	with	the	literature	on	breakdown	in	traditional	h-GaN	HEMTs	[19].	In	Figure	8,	the	
current	density	inside	the	device	is	shown.	For	this	simulation,	all	parameters	were	set	to	values	
indicated	in	Table	3.	The	gate	length	𝐿* 	was	fixed	to	be	1	𝜇m,	with	250	nm	spacing	between	the	
source	electrode	and	the	gate	electrode	and	a	total	drain-source	spacing	𝐿45 	of	2	𝜇m.	The	punch-
through	effect	manifests	 in	the	𝐼𝑉	characteristics	as	a	slowly	increasing	current,	based	on	the	
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highly	resistive	nature	of	the	intrinsic	GaN	layer	as	opposed	to	the	sharp	increase	in	current	seen	
in	avalanche	or	Zener	breakdowns.	The	corresponding	𝐼𝑉	curve	is	given	in	Figure	9.	
	
Figure	8:	Current	density	heat	map	for	the	ZB-GaN	HEMT	during	electrical	breakdown,	with	𝑽𝑮𝑺	
=	0	V,	𝑽𝑫𝑺	=	69.68	V.	The	current	is	seen	to	be	isolated	to	the	2DEG	in	areas	which	are	not	gated,	
while	the	current	below	the	gate	extends	in	to	the	epitaxially	grown	ZB-GaN	layer,	indicating	
punch-through	to	be	the	dominant	breakdown	mechanism	for	the	proposed	device.	
	
Figure	9:	Drain	current	vs.	drain	voltage	for	the	device	up	to	electrical	breakdown	as	seen	in	
Figure	8.	The	drain	current	reaches	100	nA	at	81.5	V,	indicating	breakdown.	
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In	order	to	optimize	the	breakdown	voltage	of	the	device,	the	impact	of	xAl	and	source-
drain	separation	LSD	was	studied.	Punch	through	requires	thermionic	emission	currents	to	inject	
carriers	 across	 the	 heterojunction	 and	 in	 to	 the	 substrate.	 Thermionic	 emission	 currents	 for	
electrons	are	given	by	𝐽. = 2𝑞 𝑣.,*A𝑛*A − |O­®|¯°O­® 𝑣.,ij*A𝑛ij*A exp ´vFy;J,¯°O­® ,	where	𝑞	is	
the	 elementary	 charge,	 𝑣.is	 the	 emission	 velocity	 given	 by	 𝑣. = 	 y;Jfµ|J,	 𝑛	 is	 the	 electron	
concentration,	𝑚	is	effective	mass,	𝛥𝐸? 	is	the	conduction	band	discontinuity,		𝑘	is	the	Boltzmann	
constant,	 and	𝑇	is	 the	 carrier	 temperature	 [12].	 This	 exponential	 dependence	 on	𝛥𝐸? 	would	
imply	that	larger	aluminum	content	would	increase	breakdown	voltage.	However,	the	impact	of	𝑥ij 	on	𝑉; 	offsets	this	impact,	as	the	lower	threshold	voltage	means	a	lower	breakdown	voltage.	
These	results	are	shown	in	Figure	10.	The	minimum	with	respect	to	𝐿54	near	3.5	𝜇m	is	not	yet	
understood.	
	
Figure	10:	Breakdown	voltage	as	a	function	of	𝒙𝑨𝒍	and	𝑳𝑺𝑫.	
19	
	
For	 power	 applications,	 on-resistance	 𝑅-.	 is	 another	 important	 parameter.	 Resistive	
losses	when	the	HEMT	functions	for	power	switching	are	proportional	to	𝑅-.,	and	so	keeping	𝑅-.	as	small	as	possible	is	beneficial	to	performance.	In	Figure	11,	𝑅-. 	is	plotted	against	𝑉*5 	for	
a	device	with	parameters	as	given	in	Table	3,	with	𝐿54	set	to	2	𝜇m	and	𝑉45	at	10	V.	𝑅-.	is	seen	
to	drop	significantly	as	𝑉*5	begins	to	exceed	𝑉;.	As	𝑉*5	increases	and	the	2DEG	begins	to	saturate,	𝑅-.	reaches	approximately	1	𝛺/𝜇m.	
	
Figure	11:	On-state	resistance	plotted	against	𝑽𝑮𝑺 	for	the	normally-off	ZB-GaN	HEMT.			
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5.	Conclusion	
Based	 on	 preceding	 design	 guidelines,	 a	 normally-off	 zincblende	 (ZB-)	 phase	
AlxGa1-xN/GaN	high	electron	mobility	transistors	(HEMTs)	is	proposed.		Figure	12	shows	the	𝐼4	vs.	𝑉45	response	of	the	HEMT	with	𝑥ij 	set	to	0.25,	𝑡2	set	to	15	nm,	𝑡f	set	to	2	nm,	𝑡+	set	to	3	nm,	
and	𝛷	 set	 to	 5.05	 V,	 verifying	 the	 normally	 off	 behavior	 by	 showing	 that	 no	 current	 flows	
through	the	device	when	the	gate	is	grounded	for	values	of	𝑉45	up	to	10	V	while	increasing	the	
gate	voltage	to	4	V	allows	currents	of	3	mA/μm.	It	is	worth	noting	that	this	current	exceeds	most	
existent	GaN	HEMT	devices	based	on	wurtzic	GaN	by	nearly	three-fold.	This	is	due	to	a	variety	of	
reasons,	including	the	assumption	of	perfect	contacts	to	the	source	and	drain	regions,	as	well	as	
the	lack	of	traps	and	other	interface	states	at	the	GaN/AlGaN	heterojunction	to	diminish	mobility	
and	thus	𝐼45.	
	
Figure	12:	𝑰𝑫	vs.	𝑽𝑫𝑺 	response	is	simulated	for	gate	biases	between	0	and	4	V,	demonstrating	
that	the	proposed	device	is	normally-off.	When	the	gate	is	unbiased,	no	current	flows	from	
the	source	as	VDS	runs	from	0	to	10	V.	As	𝑽𝑮𝑺	increases	above	threshold	voltage,	𝑰𝑫	vs.	𝑽𝑫𝑺	
curves	follow	those	from	typically	field	effect	transistors.	This	simulation	is	run	using	the	
control	parameters	(listed	in	Table	2)	and	shows	currents	on	the	order	of	3	mA/µm	at	a	4V	
gate	bias.	Increasing	𝑽𝑮𝑺	will	increase	𝒏𝒔	and	hence	the	current.	
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Tailoring	 HEMT	 performance	 to	 specific	 applications	 requires	 investigation	 of	 key	 design	
parameters	simultaneously.	𝑥ij 	is	an	ideal	choice	for	exploration	due	to	its	positive	correlation	
to	𝑛$	and	inverse	correlation	to	turn-on	voltage	𝑉;.	To	demonstrate	the	design	space	available	in	
zincblende	AlxGa1-xN/GaN	HEMTs,	the	device	is	simulated	via	varying	𝑥ij 	and	𝑡2	as	𝑉; 	is	extracted	
from	the	𝐼4	vs.	𝑉* 	curves.	Plotted	as	a	contour	map,	the	resulting	values	of	𝑉; 	are	seen	in	Figure	
13	(a).	The	dashed	line	marks	Matthews-Blakeslee	critical	thickness	(ℎ"),	20	with	a	20%	margin	
of	error	considered.	For	the	regions	of	the	design	space	that	feature	an	AlxGa1-xN	thickness	below		
	
Figure	13:	(a)	Turn-on	voltage	as	a	function	of	𝒙𝑨𝒍	and	𝒕𝟏.	The	critical	thickness	(𝒉𝒄)	is	calculated	
by	Matthews-Blakeslee	formula	[29]	and	drawn	after	accounting	for	the	layers	𝒕𝟐	and	𝒕𝟑	(with	
a	20%	error	margin).	 (b)	 2DEG	density	 (𝒏𝒔)	 plotted	as	 a	 function	of	𝒙𝑨𝒍	and	𝑽𝑮𝑺.	As	𝑽𝑮𝑺	 is	
increased	from	0	V	to	10	V,	𝒏𝒔	increases.	
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ℎ",	 the	threshold	voltage	 is	the	 largest	offering	stable	normally-off	design.	As	both	𝑡2	and	𝑥ij 	
increase,	the	value	of	𝑉; 	is	shown	to	become	negative	indicating	the	transition	from	normally-
off	to	normally-on	behavior	is	controlled	by	the	properly	selecting	the	HEMT	device	parameters.	
Experimental	data	in	the	literature	showing	normally-off	behavior	with	𝑉; 	of	0.6	V	for	𝑥ij 	=	0.33	
and	𝑡2	=	10	nm	show	excellent	agreement	with	our	results	[28].	
The	value	of	𝑛$	 is	of	particular	relevance	 in	HEMT	devices	for	power	applications.	 It	 is	
directly	related	to	the	conduction	band	offset,	which	is	in	turn	influenced	by	𝑥ij.	Based	on	this	
fact,	𝑛$	is	plotted	as	a	function	of	aluminum	content	and	𝑉*5	in	Figure	13	(b).	The	sheet	density	
is	calculated	by	integrating	the	carrier	density	along	the	depth.	The	sheet	density	is	seen	to	scale	
with	both	aluminum	content	and	gate	bias.	We	see	that	for	𝑉*5	near	10	V	and	𝑥ij 	near	0.40,	𝑛$	
achieves	values	near	2.75	×	1013	cm-2.	Previous	studies	showing	𝑛$	=	1.7	×	1012	cm-2	for	𝑉*5	=	0.3	
V	and	𝑥ij 	=	0.33	are	in	good	agreement	with	our	data	[28].	
In	 summary,	we	 report	 the	 normally-off	 operation	 regime	 of	 ZB-phase	 AlxGa1-xN/GaN	
HEMTs	via	varying	key	design	parameters	(𝑥ij, 𝑡2, 𝑡f, 𝑡+,	δ-doping	amount,	and	𝛷).	Particularly,	
we	consider	and	report	the	trade-offs	between	𝑥ij, 𝑡2,	and	𝛷	(via	its	impact	as	𝜑h)	to	maximize	𝑉; 	 and	𝑛$.	 Considering	Matthews-Blakeslee	 critical	 thickness,	 we	 offer	 design	 guidelines	 for	
maximizing	 𝑉; 	 while	 minimizing	 defectivity.	 Our	 results	 provide	 encouraging	 results	 for	 the	
employment	 of	 ZB-phase	 GaN	 HEMTs,	 given	 the	 wide-range	 tenability	 in	 𝑉; 	 and	 𝑛$,	 under	
normally-off	operation.	
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